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Abstract 11 
Large amount of waste heat is available for recovery in industrial processes worldwide. However, 12 
significant proportion (up to 50%) of this thermal energy is released directly to the environment. 13 
Application of waste heat to power (WHP) technologies can increase the energy efficiency and cut CO2 14 
emissions from these facilities. Steam Rankine cycle (SRC) and organic Rankine cycle (ORC) are 15 
commonly deployed for this purpose. The main drawback of SRC and ORC is the high irreversibility 16 
in the heat exchangers. In addition, ORC has limited temperature range and low efficiency while SRC 17 
has a large footprint. Supercritical CO2 (sCO2) power cycle is considered an attractive option, which 18 
provides better matching of waste heat temperature in the main heater (i.e. low irreversibility). It offers 19 
compact design, improved performance and it is applicable to a wide range of waste heat source 20 
temperature. The conditions of industrial waste heat sources are highly variable due to continuous 21 
fluctuations in the operation of the process. This is likely to significantly affect the dynamic 22 
performance and operation of the sCO2 power cycle. In this work, dynamic model in Matlab/Simulink 23 
was developed to assess the dynamic performance and control of the sCO2 power cycle for waste heat 24 
recovery from cement industry. The case of waste heat at 380 0C utilized to deliver 5 MWe of power 25 
was considered. Steady state simulation was performed to determine the design point values. Open loop 26 
simulation was performed to show the inherent dynamic response to step change in the temperature of 27 
the waste heat. The dynamic performance and control of the system under varying exhaust gas flow rate 28 
between 100% and 50% of the design value were studied. Similar study was done for varying exhaust 29 
gas temperature between 380 0C and 300 0C. The results showed that the thermal efficiency of proposed 30 
single recuperator recompression sCO2 is about 33%.  Stable operation of the system can achieved by 31 
using cooling water control and throttle valve to maintain constant precooler outlet condition. Dynamic 32 
simulation result showed that it is best to allow the turbine inlet temperature to vary according to the 33 
fluctuation in the waste heat source. These findings indicated that dynamic modelling and simulation 34 
of WHP system could contribute to understanding of the behaviour and control system development 35 
under fluctuating waste heat source conditions. 36 
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Nomenclature and Units  58 
Abbreviations  59 
BVC Bypass valve controller 
CWC Cooling water controller 
G Generator 
HRHX heat recovery heat exchanger 
MC main compressor 
NIST National Institute of Standards and Technology 
ORC organic Rankine cycle 
PCHE Printed Circuit Heat Exchanger 
PID Proportional-Integral-Derivative 
RC Recompression compressor 
sCO2 supercritical carbon dioxide 
SRC steam Rankine cycle 
T-S temperature-entropy 
tCO2 transcritical carbon dioxide 
TURB turbine 
WHP waste heat to power 
WHR waste heat recovery 
 60 
Symbols  61 ܥ Specific heat capacity (J/kg.K) ܥ௩ Constant valve construction coefficient (m2) 
e(t) Error signal ݄ Specific enthalpy (kJ/kg) ܬ Inertia (kg.m2) ܭௗ Derivative gain of PID controller ܭ௜ Integral gain of PID controller ܭ௣ Proportional gain of PID controller 
M Mass (kg) ሶ݉  Mass flow rate (kg/s) ܲ Pressure (Pa or N/m2) or Power (W or J/s) ܴܲ Pressure ratio ܳ Heat duty (watt or J/s) ܶ Temperature (K) ݐ time (second) ܷ Impeller tip speed (rad/sec) ݑሺݐሻ Control signal ܸ Volume (m3) ݕ Fraction valve opening ߛ Relative pressure loss or friction loss coefficient (m-4) ߟ Efficiency ߢ Constant of proportionality for heat transfer coefficient ߬ Time constant (seconds) ߩ Density (kg/m3) ߶ Flow coefficient ߰ Pressure ratio coefficient ܰ Rotational speed (rev/s) 
 62 
Subscripts  63  ? Set point ܿ Compressor or cold stream ݃݁݊ Generator ݄ Hot stream ݅݊ inlet ݅ݏ݁݊ Isentropic  ݈݋ܽ݀ Electrical load ݉ܿ Main compressor ݋ݑݐ Outlet 
rc Recompression compressor ݐ Turbine ݓ Metal wall 
 64 
1 Introduction  65 
Increased concentration of anthropogenic CO2 in the atmosphere due to fossil fuel combustion is widely 66 
believed to be responsible for global warming and extreme climate change. In particular, industrial 67 
processes are energy intensive, up to 70% of the energy is provided by fossil fuel and about 40% of 68 
global CO2 emissions are attributable to the industrial sector [1]. Hence, reduction of CO2 emissions 69 
from industrial processes is critical to achieving the target of keeping global temperature rise to well 70 
below 20C above pre-industrial levels as set out in the Paris Agreement at COP 21 in 2015. In a typical 71 
cement industry, it is estimated that about 40% of the input fuel energy is lost in the waste heat streams 72 
[2, 3]. Therefore, the use of waste heat to power technologies (WHP) to recover some of the thermal 73 
energy can increase the energy efficiency and reduce CO2 emissions from these facilities.  74 
Organic Rankine cycle (ORC) and steam Rankine cycle (SRC) are commonly investigated for waste 75 
heat recovery (WHR) applications [4-11]. However, ORCs are mostly restricted to low heat source 76 
temperatures below 300 0C due to risk of decomposition of the organic fluid [10, 12] while SRCs tend 77 
to have large plant footprint. On the other hand, supercritical and trans-critical CO2 power cycles have 78 
been identified in several studies as a promising technology for both low, medium and high temperature 79 
WHR. In supercritical cycle (Figure 1a), the working fluid operates entirely above its critical pressure 80 
while in trans-critical cycle (Figure 1b), the working fluid passes through both subcritical conditions 81 
and supercritical conditions [13]. The main benefits of CO2 based power cycles compared to ORC and 82 
SRC include [14-17]: (a) it is applicable to a wide range of temperature (up to 1000 0C); (b) less 83 
irreversibility in the recovery heat exchanger i.e. better temperature profile matching between the waste 84 
heat and the working fluid; (c) improved performance even at temperature below 400 0C; (d) it is non-85 
toxic, non-flammable and non-corrosive; (e) it has low global warming potential (GWP); and (6) it is 86 
more compact compared to SRC. 87 
 
 
(a) Supercritical CO2 cycle (b) Trans-critical CO2 cycle 
Figure 1: Temperature-Entropy diagrams of supercritical and trans-critical CO2 power cycles 88 
Karellas et al. [18] performed energetic and exergetic analysis of SRC and ORC WHR systems in the 89 
cement industry and concluded that WHR can significantly reduce electricity consumption operating 90 
cost. Chen et al [19] compared the performance of trans-critical CO2 (tCO2) cycle with an ORC using 91 
R123 as working fluid for WHR applications. The study showed that the CO2 power cycle has a higher 92 
efficiency than the ORC due to better temperature matching between the waste heat source and the CO2 93 
working fluid. There is no pinch limitation in the recovery heat exchanger of the CO2 cycle. Sarkar [16] 94 
presented a comprehensive review of supercritical CO2 (sCO2) power cycle for waste heat conversion 95 
and highlighted its benefits and future trends. Detailed analysis based on energy, exergy, finite size 96 
WKHUPRG\QDPLFVDQGKHDWH[FKDQJHU¶VVXUIDFHIRUD&22 transcritical power cycle using industrial low-97 
grade heat source was presented by Cayer et al [20]. The calculations were carried out for fixed 98 
temperature and mass flow rate of the heat source, fixed turbine inlet and cooler outlet temperature in 99 
the cycle and fixed sink temperature to determine the optimum maximum cycle pressure. Wang and 100 
Dai [21] performed exergetic and economic analysis for a cascaded sCO2/tCO2 cycle for waste heat 101 
recovery and compared the performance to a sCO2/ORC system. The results showed that the sCO2/tCO2 102 
system performs better than the sCO2/ORC system.  103 
Various layouts have been investigated in the literature for improving the performance of 104 
supercritical/trans-critical CO2 power cycle. Mondal and De [22] investigated the implementation of 105 
multi-stage compression and intercooling for possible improvement of the performance of CO2 based 106 
power cycle using low temperature waste heat. The developed thermodynamic model indicated the 107 
existence of an optimum combination of the cycle minimum pressure and the intermediate pressure. 108 
For engine WHR, Shu et al [23] suggested an improved CO2 based power cycle containing a preheater 109 
and a recuperator. The improved CO2 based power cycle gives better performance compared to the 110 
basic cycle and the ORC. Thermodynamic modelling of a recompression CO2 power cycle for WHR 111 
was performed by Banik et al [24] for potential higher cycle efficiency. The thermodynamic 112 
performance of basic recuperated sCO2 cycle is limited by heat capacity mismatch in the recuperator. 113 
The recompression sCO2 cycle, which has two recuperators, is commonly used to minimise the effect 114 
of heat capacity mismatch in the recuperator. Olumayegun [25] suggested the single recuperator 115 
recompression cycle for low temperature heat source. The single recuperator recompression sCO2 cycle 116 
also resolves the heat capacity mismatch and it is simpler than the recompression cycle layout. This 117 
cycle is proposed in this study for WHR application. 118 
Li et al. [26] reported the results of preliminary tests on dynamic characteristics of tCO2 power cycle in 119 
a kW-scale test bench for recovering exhaust energy from a diesel engine. Experimental data for 120 
dynamic responses to changes in CO2 pump speed and expansion valve pressure ratio were presented. 121 
However, test bench facilities are usually too small to include all the major components and attributes 122 
of a commercial scale plant. Hence, Alobaid et al. [27] emphasized the application of dynamic 123 
modelling and simulation as an inexpensive tool for the analysis of power plant under different transient 124 
operating conditions and for control system development in their comprehensive review of dynamic 125 
modelling of various thermal power plant. Compared to sCO2/tCO2 based power cycle, the dynamic 126 
modelling and simulation of ORC/SRC for WHR have received much more attention [28 - 32]. Jiménez-127 
Arreola et al [31] studied the dynamics of ORC evaporator under fluctuating waste heat source condition 128 
with particular focus on the influence of the evaporator geometry and materials. Quoilin et al. [29] 129 
employed dynamic modelling to predict the dynamic behaviour and compared three different control 130 
strategies under varying flow rate and temperature of waste heat source for a small-scale ORC. Sun et 131 
al [32] investigated dynamic optimal design of SRC utilising industrial waste heat with fluctuating 132 
temperature and mass flow rate of exhaust gas.  133 
In the literature, only few modelling and simulation studies have been conducted to understand the 134 
dynamic behaviour and control of sCO2 based power cycle for waste heat applications. Most modelling 135 
studies on the development of sCO2 power cycle for WHR concentrate on the steady state performance 136 
evaluation through energetic and exergetic analysis, optimisation of design parameters, system 137 
configurations and economic analysis under a constant heat source condition. However, the mass flow 138 
rate and temperature of industrial waste heat sources are highly variable due to continuous fluctuations 139 
in the operation of the industrial processes [33]. This will significantly affect the dynamic performance 140 
and operation of the sCO2 power cycle. Li et al [34] presented the results of dynamic modelling of trans-141 
critical CO2 power cycle for WHR in gasoline engines considering the system sensitivity to the external 142 
inputs. However, the study did not investigate the design of the control systems. Park et al. [35] 143 
performed dynamic model validation of sCO2 experiment loop and simulation of transient responses to 144 
varying conditions such as valve control to simulate cycle operation, power swing to simulate load 145 
following and heat sink reduction to simulate failure.  Osoro et al. [36] studied the dynamic behaviour 146 
under different seasonal conditions of concentrated solar power sCO2 cycle for system optimisation.   147 
The optimisation produced an increase in operating time from 220 to 480 minutes. Milani et al. [37] 148 
presented the results of dynamic modelling and control strategies for optimising the operating 149 
conditions of solar- and fossil-based sCO2 recompression Brayton cycle. The model was used to 150 
investigate the performance of the plant with maximisation of solar input, minimisation of fossil fuel 151 
back up, direct solar heat input and indirect solar heat input.   152 
7RWKHDXWKRUV¶NQRZOHGJHG\QDPLFPRGHOOLQJDQGFRQWURORIVLQJOHUHFXSHUDWRUUHFRPSUHVVLRQV&22 153 
cycle for WHR has not been reported so far. A dynamic model is required to investigate system 154 
transients and to test control strategies during changes in the mass flow rate and temperature of the 155 
waste heat source. In this study, dynamic model in Matlab/Simulink is developed to simulate and assess 156 
the transient characteristics and for control systems design of a single recuperator recompression sCO2 157 
power cycle for industrial WHR. Steady state simulation and preliminary design of heat exchangers are 158 
performed to obtain the design point values and input parameters for the dynamic model. Open loop 159 
simulation is performed to understand the inherent transient response to changes in the mass flow rate 160 
and temperature of the waste heat source. The dynamic performance and control of the system under 161 
varying mass flow rate and temperature of waste heat are simulated and analysed. In summary, the 162 
original contributions of this paper include: (1) application of single recuperator recompression sCO2 163 
cycle for WHR and the preliminary sizing on the heat exchangers; (2) dynamic modelling of a single 164 
recuperator recompression sCO2 cycle for WHR application; and (3) design of PID-based control 165 
systems for variable waste heat sources. 166 
The paper is organised as follows: Section 2 describes the configuration of the proposed sCO2 power 167 
cycle for WHR application; Section 3 presents the derivation of the dynamic models of the system 168 
components and their integration in Simulink environment; Section 4 explains the control strategy to 169 
be implemented for the system; Section 5 discusses the results of the dynamic simulation of the system. 170 
Conclusions are given in Section 6. 171 
2 System configuration and description  172 
As already mentioned, the selected cycle configuration is the single recuperator recompression sCO2 173 
closed Brayton cycle layout. The system is designed to recover waste heat in the flue gas coming from 174 
an upstream industrial process and to covert the recovered waste heat to electrical power. The schematic 175 
layout of a single recuperator recompression sCO2 closed Brayton cycle is presented in Figure 2 and 176 
the corresponding temperature-entropy (T-S) diagram is shown in Figure 3. The cycle consists of six 177 
main components: (1) a heat recovery heat exchanger (HRHX); (2) a recuperator; (3) a precooler; (4) a 178 
turbine (TURB) (5) the main compressor (MC); and (6) a recompression compressor (RC). The waste 179 
heat in the flue gas from the industrial process is recovered in the HRHX to heat the CO2 working fluid 180 
to the turbine inlet temperature (point 1). The hot working fluid expands in the turbine (process 1-2) 181 
and converts the thermal energy of the working fluid to mechanical power. In the recuperator, the 182 
turbine exhaust enters the hot side (process 2-3) and is used to preheats the CO2 exiting the MC. The 183 
working fluid leaving the hot side of the recuperator is split into two streams. One stream (3a) enters 184 
the water-cooled precooler (process 3a - 4) where heat is rejected to the environment and the working 185 
fluid is cooled down to the MC inlet temperature (point 4). The temperature and pressure of CO2 at the 186 
MC inlet is above the critical point conditions such that the cycle is fully supercritical. The second 187 
stream (3b) is sent to the RC inlet. Both MC (process 4 ± 5) and RC (process 3b - 7) increase the working 188 
fluid pressure. After the MC, the high-pressure working fluid is preheated by the turbine exhaust in the 189 
recuperator (process 5 ± 6). The flow split fraction of stream 3 can be selected so that the heat capacity 190 
of CO2 on the cold side of the recuperator match the heat capacity of CO2 flowing through the hot side. 191 
An optimal selection of the flow split fraction will result in high recuperator effectiveness and improved 192 
thermal efficiency of the cycle. The preheated working fluid leaving the cold side of the recuperator is 193 
mixed with the high-pressure working fluid from the RC outlet. The working fluid then enters the 194 
HRHX (process 8 ± 1) where it is heated up, reaching its maximum temperature at the HRHX outlet/ 195 
turbine inlet. The working fluid re-enters the turbine and the processes are repeated. 196 
 197 
Figure 2: Schematic diagram of the single recuperator recompression s-CO2 closed Brayton cycle to 198 
recover waste heat from industrial process to generate electrical power 199 
 200 
Figure 3: T-S diagram of the single recuperator recompression s-CO2 closed Brayton cycle 201 
3 Dynamic model development  202 
This section presents the first principle dynamic model of the components of the sCO2 closed Brayton 203 
cycle for industrial WHR. In order to study the transient performance of the WHR/sCO2 plant and its 204 
control system, a dynamic model of the whole system needs to be developed. The modelled components 205 
include heat exchanger, duct, turbine, compressor, rotating shaft with generator, control valves and 206 
actuator, and PID controllers. The models are based on mass and energy conservation equations as well 207 
as other constitutive equations. The compressors and turbine are modelled by employing performance 208 
characteristic maps for the prediction of the efficiency and pressure ratio. In this work, the equations 209 
are implemented in Matlab®/Simulink® modelling platform. NIST Refprop (version 9.1) program is 210 
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used to calculate the thermo-physical properties of the fluids. The model is modular, incorporating each 211 
component model as a module. The complete cycle model is developed in Simulink® by linking together 212 
the individual component modules according to their inter-relationship as shown in Figure 4. Firstly, a 213 
Matlab® script is run to initialise the dynamic model at the design operating point. The Matlab® script 214 
loads the fluid property table, performs design point heat balance calculation and sets the component 215 
modelling parameters such as heat transfer coefficients, friction coefficients and valve coefficients. 216 
 217 
Figure 4: Component models integration in Simulink® environment 218 
3.1 Heat exchanger model  219 
The heat exchanger model is used to represent the dynamics of the HRHX, recuperator and precooler. 220 
For modelling purpose, the heat exchangers are considered as counter-flow heat exchangers consisting 221 
of three regions namely the hot stream, the cold stream and the metal wall. Mass, energy and simplified 222 
momentum conservation equations are used to model the hot and cold streams region while the 223 
separating metal wall is modelled with energy conservation equation. 224 
The general conservation of mass equation for the hot and cold stream control volume is: 225 ܸ ݀ߩ݀ݐ ൌ ሶ݉ ௜௡ െ ሶ݉ ௢௨௧ (1) 
 226 
The conservation of energy equation for hot stream can be expressed as: 227 ܸ ݀ሺߩ݄ሻ݀ݐ ൌ ሶ݉ ௜௡݄௜௡ െ ሶ݉ ௢௨௧݄௢௨௧ െ ܳ௛௪ (2) 
 228 
Where ܳ௛௪ is the convective heat transferred from the hot stream to the metal wall. 229 
The conservation of energy equation for cold stream can be expressed as: 230 
 231 ܸ ݀ሺߩ݄ሻ݀ݐ ൌ ሶ݉ ௜௡݄௜௡ െ ሶ݉ ௢௨௧݄௢௨௧ ൅ ܳ௪௖ (3) 
 232 
Where ܳ௪௖ is the convective heat transferred from the metal wall to the cold stream. 233 
Energy conservation equation for the metal wall can be expressed as:  234 ܯ௪ܥ௪ ݀ ௪ܶ݀ݐ ൌ ܳ௛௪ െ ܳ௪௖ (4) 
Equations for evaluating the convective heat transferred during transient conditions are [38, 39]: 235 ܳ௛௪ ൌ ߢ௛௪ ሶ݉ ఈሺ ௛ܶ െ ௪ܶሻ (5) 
 236 ܳ௪௖ ൌ ߢ௪௖ ሶ݉ ఈሺ ௪ܶ െ ௖ܶሻ (6) 
 237 
The momentum conservation equations for the hot and cold stream are simplified to a quasi-static 238 
equation of pressure loss as follows [39]:  239 
௜ܲ௡ െ ௢ܲ௨௧ ൌ ߛ ሶ݉ ଶߩ  (7) 
The pipe or duct model follows the same approach used for the hot/cold stream model but without the 240 
heat transfer term. 241 
3.2 Compressor model  242 
The rapid variation of CO2 properties around the critical points makes the simulation of the compressors 243 
challenging. Therefore, the use of turbomachinery performance maps in the model is more suitable for 244 
accurately predicting the performance of the turbomachinery compared with some other methods 245 
suggested in the literature [40]. The performance characteristic maps for the compressors (and turbine) 246 
were obtained from the work of Carstens et al [41]. 247 
The most reliable way suggested for constructing a sCO2 compressor map is using the approach 248 
developed for pumps [42]. Hence, the pressure rise is scaled with ܷ ଶߩ while the mass flow rate is scaled 249 
with ܷߩ. ܷ is the impeller tip speed while ߩ is the fluid density. 250 
Thus, the flow coefficient or scaled flow rate is given as: 251 ߶ ൌ ሶܷ݉ߩ (8) 
The performance maps expresses the scaled pressure ratio and the compressor isentropic efficiency as 252 
functions of the flow coefficient as follows: 253 ߰ ൌ ܴܷܲଶߩ ൌ  ௠݂௔௣௦ሺ߶ሻ (9) 
 254 ߟ ൌ  ௠݂௔௣௦ሺ߶ሻ (10) 
The compressor outlet conditions is calculated from the pressure ratio and the isentropic efficiency as 255 
follows: 256 ௢ܲ௨௧ ൌ  ௜ܲ௡ሺܴܲሻ (11) 
 257 ݄௢௨௧ ൌ  ݄௜௡ ൅ ݄௢௨௧ǡ௜௦௘௡ െ ݄௜௡ߟ  (12) 
The outlet temperature is then calculated from the fluid thermodynamic property relations. 258 
The compressor power, ௖ܲ, is given as: 259 
  260 ௖ܲ ൌ  ሶ݉ ሺ݄௢௨௧ െ ݄௜௡ሻ (13) 
3.3 Turbine model  261 
The original turbine performance maps are transformed to provide relationship between pressure ratio 262 
and flow coefficient and between efficiency and flow coefficient at constant shaft speed parameter. The 263 
turbine model is similar to the compressor model. However, the CO2 working fluid is considered as an 264 
ideal gas under turbine conditions. Hence, the flow coefficient is expressed as follows: 265 ߶ ൌ  ሶ݉ ඥ ௜ܶ௡௜ܲ௡  (14) 
The performance maps are used to obtain the pressure ratio and the isentropic efficiency of the turbine. 266 ܴܲ ൌ  ௠݂௔௣௦ሺ߶ǡ ܰሻ (15) 
 267 ߟ ൌ  ௠݂௔௣௦ሺ߶ǡ ܰሻ (16) 
 268 
Where N is the shaft rotational speed.  269 
The turbine outlet conditions are calculated as follows: 270 
௢ܲ௨௧ ൌ  ௜ܲ௡ܴܲ (17) 
 271 ݄௢௨௧ ൌ ݄௜௡ െ ߟሺ݄௜௡ െ ݄௢௨௧ǡ௜௦௘௡ሻ (18) 
The power delivered by the turbine, ௧ܲ, is: 272 ௧ܲ ൌ  ሶ݉ ሺ݄௜௡ െ ݄௢௨௧ሻ (19) 
 273 
3.4 Rotating shaft and generator model  274 
 The turbine drives the MC, the RC and the generator on a single shaft. The turbine will exert positive 275 
torque while compressors and electric generator will exert negative torque An unbalance torque on the 276 
shaft during transient will cause the shaft to accelerate or decelerate. The transient behaviour of the 277 
shafts can be determined from the dynamic equation: 278 ൫ܬ௧ ൅ ܬ௠௖ ൅ ܬ௥௖ ൅ ܬ௚௘௡൯ܰ ݀ܰ݀ݐ ൌ ሺ ௧ܲ െ ௠ܲ௖ െ ௥ܲ௖ െ ௚ܲ௘௡ െ ௟ܲ௢௦௦ሻ (20) 
Where J represents the component inertias. 279 
The power delivered to the generator can be determined from the electric load demand, ௟ܲ௢௔ௗ, and the 280 
generator efficiency, ߟ௚௘௡:  281 
௚ܲ௘௡ ൌ ௟ܲ௢௔ௗߟ௚௘௡  (21) 
 282 
3.5 Control valve and actuator model  283 
Valves are used for flow control in the cycle or for throttling flow to a desired pressure. Mass and energy 284 
storage in a control valve can be considered negligible. The mass flow rate through the valve, ሶ݉ , is 285 
GHSHQGHQW RQ WKH YDOYH¶V XSVWUHDP DQG GRZQVWUHDP SUHVVXUH ௜ܲ௡ and ௢ܲ௨௧, on the incoming fluid 286 
density, ߩ௜௡, and on the fractional valve opening, ݕ [43]: 287 ሶ݉ ൌ ܥ௩ݕට ௜ܲ௡ߩ௜௡ ቀ ? െܲ ௢௨௧ ௜ܲ௡ൗ ቁ (22) 
Where ܥ௩ is the constant valve construction coefficient. 288 
The fractional valve opening or flow area,ݕLVGHILQHGDVWKHUDWLRRIYDOYH¶VFXUUHQWIORZDUHDWRLWV289 
flow area when fully open. It will depend on the valve stem position, ݔ, (also referred to as valve travel) 290 
and the valve flow characteristic dictated by the geometry of the valve. The valve travel position is 291 
usually determined by the actuator based on the signal from the controller. The actuator will drive the 292 
valve stem position, ݔ, to its demanded position, ݔௗ, specified by the controller output signal. It will 293 
take a certain amount of time for the actuator to move the stem position to the demanded value. Hence, 294 
the dynamics of the actuator plus valve can be modelled with a first order exponential lag as follows: 295 ߬ ݀ݔ݀ݐ ൌ ݔௗ െ ݔ (23) 
Where ߬ is the time constant associated with the actuator and ݔௗ is the demanded valve travel. 296 
3.6 PID controller model  297 
The PID (Proportional-Integral-Derivative) controllers are designed to act on the error signals to 298 
produce the control signals. The general function of the controller is to keep the controlled variable near 299 
its desired value. The control action of a PID is defined as [39]: 300 ݑሺݐሻ ൌ ܭ௣݁ሺݐሻ ൅ ܭ௜ න ݁ሺݐሻ௧଴ ݀߬ ൅ ܭௗ ݀݁ሺݐሻ݀ݐ  (3-24) 
Where ܭ௣ is the proportional gain, ܭ௜ is the integral gain and ܭௗ is the derivative gain.  301 
The three gains are the tuning parameters for the controller. The control signal, ݑሺݐሻ, is the summation 302 
of the three function of error, ݁ሺݐሻ, from a specified set point. Proportional control has the effect of 303 
increasing the loop gain to make the system less sensitive to load disturbances, the integral of error is 304 
used to eliminate steady state error and the derivative term helps to improve closed loop stability. 305 
3.7 Steady state verification of component models and dynamic model 306 
validation 307 
The suitability of the Matlab/Simulink model for predicting the performance of the cycle components 308 
at steady state was verified by comparing the simulation results of component models with value 309 
obtained from Kim et al [13] for a sCO2 closed Brayton cycle.  Comparison of the simulation results at 310 
steady state with the literature values is presented in Table 1. The steady state predictions of the 311 
components models were found to agree well with the literature data. The maximum relative difference 312 
is about 0.25%.  313 
 314 
 315 
Table 1: Comparison of the components simulation values at steady state with literature value obtained 316 
from Kim et al [13] 317 
Parameters 
Literature 
value 
Simulation 
value 
Relative 
difference 
Compressor:    
Inlet pressure (bar) 77 77 0 
Inlet temperature (0C) 32 32 0 
Outlet pressure (bar) 200 200 0 
Outlet temperature (0C) 61 60.81 0.3% 
Specific work (kJ/kg) 20.3 20.29 0.05% 
Turbine:    
Inlet pressure (bar) 200 200 0 
Inlet temperature (0C) 600 600 0 
Outlet pressure (bar) 77 77 0 
Outlet temperature (0C) 482 482.19 0.04% 
Specific work (kJ/kg) 133.4 133.37 0.02% 
Heat source:    
Inlet temperature (0C) 360 360.54 0.15% 
Outlet temperature (0C) 600 600 0 
Specific heat input (kJ/kg) 295.7 295.21 0.17% 
Recuperator:    
Temperature in, hot/cold (0C) 482/61 482.19/60.81 0.04/0.3% 
Temperature out, hot/cold (0C) 76/360 75.81/360.54 0.25/0.15% 
Specific heat transferred (kJ/kg) 475.2 475.66 0.1% 
Precooler:    
Inlet temperature (0C) 76 75.81 0.25% 
Outlet temperature (0C) 32 32 0 
Specific heat transferred (kJ/kg) 182.6 182.13 0.26% 
 318 
At this stage, there is no plant data for validating the dynamic model of the single recuperator 319 
recompression sCO2 cycle. However, dynamic model validation of a simple tCO2 cycle was carried out 320 
using experimental data from a kW-scale test bench for WHR from exhaust gas of diesel engine [26]. 321 
It should be noted that the test bench did not have a turbine; an expansion valve is used instead. Also, 322 
a reciprocating plunger pump is used to circulated the CO2 fluid in the cycle. The pump rotational speed 323 
was reduced from 110 rpm to 60 rpm in steps as shown in Figure 5(a).  The model was validated with 324 
data of dynamic responses to changes in the pump rotational speed. Validation results are shown for the 325 
CO2 mass flow rate and CO2 temperature at gas heater outlet temperature in Figure 5(b) and (c) 326 
respectively. The Simulink® model was found to give good predictions of the profile of the CO2 mass 327 
flow and gas heater outlet temperature. The noticed differences between the experimental data and the 328 
simulation results can be attributed to uncertainties with respect to the design and operational 329 
parameters of the test bench. For instance, pump displacement, efficiency, off-design performance data 330 
and gas heater size are not known. All of  these were assumed in the Simulink® model. 331 
 332 
 (a) Pump rotational speed 
 
(b) CO2 mass flow rate - experimental data versus simulation result 
 
(c) Gas heater outlet temperature ± experimental data versus simulation result 
Figure 5 Model validation with experimental data from test bench 333 
 334 
4 Control strategy  335 
The overall control structure for the sCO2 closed Brayton cycle for WHR application is shown in Figure 336 
6. Control systems are essential in order to achieve stable operation, optimal performance and net power 337 
output under fluctuating waste heat source conditions. PID feedback control methods are adopted for 338 
the controllers and the control strategy is implemented in Simulink®. PID controller is the most 339 
commonly used controller in industrial processes due to the uncomplicated principle of operation, 340 
simple structure and ruggedness [32].  341 
The non-ideal behaviour of the CO2 working fluid around the critical point poses unique challenges not 342 
seen in other cycles like the ORC and SRC. The rapid fluid density changes around the critical point is 343 
illustrated in Figure 7. Therefore, maintaining a fixed inlet conditions for the main compressor is an 344 
important objective of the control systems. Hence, the main compressor inlet/precooler outlet 345 
temperature and pressure are selected as controlled variables. The feedback control of the cooling water 346 
controller (CWC) serves to keep the main compressor inlet temperature at the set value (Figure 6). This 347 
is achieved by manipulating the mass flow rate of the cooling water.  On the other hand, the throttle 348 
valve, V2, is regulated to keep the compressors inlet pressure at the design values. 349 
Another variable chosen to be controlled is the turbine inlet temperature, in case this is required. This 350 
is controlled primarily by the feedback control loop for the bypass valve controller (BVC). The bypass 351 
control valve, V1, is located between the HRHX inlet and turbine outlet to divert part of the working 352 
fluid from the HRHX and turbine (Figure 6). The measured turbine inlet temperature is compared with 353 
the set point value. The bypass valve controller then uses the error to produce a control signal based on 354 
the PID algorithm. The control signal is sent to the bypass valve actuator to manipulate the valve stem 355 
position and thus the opening and closing of the bypass valve.  356 
 357 
 358 
Figure 6: Overall control scheme for the WHR sCO2 power cycle system  359 
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Figure 7: CO2 density variation in the critical condition region 362 
5 Results and discussion  363 
5.1 Steady state simulation results and preliminary sizing of heat 364 
exchangers  365 
The steady state calculation and heat exchanger design is carried out by adopting an integrated 366 
approach, ZKLFKDOORZVIRUF\FOH¶VKHDWEDODQFHFDOFXODWLRQDQGKHDWH[FKDQJHUSUHOLPLQDU\GHVLJQWR367 
be performed simultaneously. This offers the advantage of a more accurate performance calculation for 368 
the system because the heat exchanger pressure losses will be based on actual values from results of 369 
heat exchanger design and not on assumed values, as is usually done. The codes were implemented in 370 
Matlab programming environment. It is linked with Refprop (version 9.1) program as an external 371 
function for the calculation of the thermo-physical properties of the fluids. Detailed description of the 372 
steady state thermodynamic performance calculation and heat exchanger design methodology can be 373 
found in the work of Olumayegun et al. [44]. 374 
The results of the steady state simulation and heat exchanger design calculations provide the physical 375 
parameters of the components as well as the initial values for the dynamic performance simulation of 376 
the system.  377 
5.1.1 Results of steady state simulation at design point 378 
In this study, the upper boundary of waste heat fluctuation (maximum mass flow rate and maximum 379 
temperature) is adopted as the design point for the WHR system. Therefore, the system will operate at 380 
either design point or mass flow rate and temperature below the design point. The main design 381 
specification, system parameters and assumptions for steady state performance calculation are as 382 
follows: 383 
x The case of exhaust waste heat gas from cement industry at a flow rate of 100 kg/s and 384 
temperature of 380 0C is considered [6] 385 
x HRHX terminal temperature difference is selected as 20 0C. Hence, the heated CO2 leaves the 386 
HRHX and enters the turbine temperature at 360 0C 387 
x The precooler cooling stream is water at 22 0C 388 
x The temperature and pressure of the working fluid at precooler outlet is set just above the 389 
critical point for the benefit of reduced compression work. Hence, the precooler outlet get 390 
cooled to 32 0C at a corresponding optimum pressure of 79 bar 391 
x The maximum cycle pressure at outlet of main compressor is set at 250 bar  392 
x The recuperator terminal temperature difference is 10 0C 393 
x The isentropic efficiency of the turbine, main compressor and recompression compressor are 394 
set at 90%, 89% and 88% respectively  395 
x The heat and pressure losses in the connecting ducts/pipes are assumed to be negligible 396 
Table 2 list the state point simulation results of the WHR sCO2 power cycle (refer to Figure 2 for the 397 
numbering of the state points). The results of steady state design point performance of the system is 398 
presented in Table 3. About 15 MW of heat is recovered from the exhaust gas and the electric power 399 
generated is about 5 MWe.  This amount to efficiency of about 33% for the WHR sCO2 system. 400 
 401 
Table 2: Results of steady state simulation of the sCO2 WHR system  402 
State m (kg/s) P (bar) T (0C) h (kJ/kg) 
1 80.40 249.87 360 794.47 
2 80.40 80.44 243.37 688.62 
3 80.40 79.64 74.95 484.31 
3a 53.98 79.64 74.95 484.31 
3b 26.42 79.64 74.95 484.31 
4 53.98 79 32 298.78 
5 53.98 250 64.95 325.91 
6 53.98 249.87 233.37 630.21 
7 26.42 249.87 166.24 541.40 
8 80.40 249.87 216.71 606.98 
 403 
Table 3: Results of steady state thermodynamic performance of the WHR system 404 
Parameters Value 
Waste heat recovered 15.07 MW 
Turbine power 8.51 MW 
Main compressor power 1.46 MW 
Recompression compressor power 1.99 MW 
Recuperator duty 16.43 MW 
Precooler duty 10.01 MW 
HRHX effectiveness 88.21% 
Recuperator effectiveness 95.71% 
Precooler effectiveness 80.33% 
Cooling water flow rate 104.48 kg/s 
Optimum recompression fraction 0.33 
Net power output 5 MW 
Efficiency 33.13 
 405 
 406 
5.1.2 Results of preliminary sizing of heat exchangers  407 
In the sCO2 power cycle, the size of the turbine and the compressors are very small compared to the 408 
heat exchangers, hence, the system dynamic performance is mainly determined by the heat exchangers. 409 
The volume of CO2 in the heat exchangers, the heat exchanger material properties and the thermal mass 410 
between the working fluid and the exhaust gas will influence the transient behaviour of the WHR 411 
system. Therefore, preliminary sizing was performed for the HRHX, recuperator and precooler. 412 
Essentially, preliminary sizing entails determining the surface area, volume, length, metal wall mass, 413 
internal temperature profiles and pressure losses of the heat exchangers. The heat exchangers were 414 
assumed to be Printed Circuit Heat Exchanger (PCHE) type [44].  415 
Table 4 shows the result of the preliminary sizing of the heat exchangers. The hot and cold stream 416 
temperature profile from the heat exchanger inlet to the outlet is given in Figure 8. Figure 8a indicates 417 
efficient matching of the temperature profile of the CO2 working fluid and the exhaust gas in the HRHX. 418 
Unlike the evaporator/boiler of ORC and SRC, there is no pinch point limitation in the HRHX because 419 
CO2 does not undergo any phase change. Figure 8b shows that optimum selection of split fraction (or 420 
recompression fraction) allows the recuperator cold stream to be preheated as high as possible without 421 
risk of pinch point developing in the recuperator. Figure 8c shows the precooler temperature profile. 422 
Among the cycle components, the precooler operates closest to the critical region. The specific heat 423 
capacity of CO2 increases rapidly in the critical region, hence, the unusual temperature profile and 424 
occurrence of pinch point in the precooler. Precooler heat transfer is nearly a two-phase condensation 425 
process with constant temperature in some section of the precooler.  426 
 427 
 428 
Table 4: Heat exchanger sizing results for the HRHX, recuperator and precooler 429 
Description HRHX Recuperator Precooler 
Heat transfer duty (MW) 15.07 16.42 10.01 
Fluid, hot side/cold side Flue gas/CO2 CO2/CO2 CO2/Water 
Number of modules 14 8 2 
Surface area (m2) 8997.79 8297.96 1442.50 
Thermal density (MW/m3) 1.2 1.4 4.95 
Hot side pressure loss (kPa) 10 80 67 
Cold side pressure loss (kPa) 0.4 13 6 
Total core volume (m
3
) 12.60 11.62 2.02 
Total core mass (kg) 56829 52418 9253 
 430 
 431 
 432 
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 434 
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 436 
 437 
 438 
 439 
 
 
(a) HRHX temperature profile (b) Recuperator temperature profile 
 
(c) Precooler temperature profile 
Figure 8: Hot and cold stream temperature profile for the (a) HRHX (b) recuperator and (c) Precooler 440 
5.2 Open loop response simulation  441 
Open loop simulation of the system was performed to investigate the dynamic behaviour without any 442 
control action. Dynamic response to step change in the temperature of the waste heat source was 443 
observed.  Step change in exhaust gas temperature from the design value of 380 0C to 300 0C was 444 
applied at time equal to 100 seconds. Figure 9 shows the open loop transient responses of some of the 445 
system variables. The turbine inlet temperature as well as the MC inlet temperature is seen to drop from 446 
the steady state value (Figure 9a).  Reduced exhaust gas temperature means that working fluid cannot 447 
be heated to the design values. The power delivered by the turbine is reduced due to the reduced inlet 448 
temperature and operation of the turbine at off-design condition. However, the power consumed by the 449 
compressors are increased as the compressors are now operating at conditions different from the design 450 
point value. Hence, the net power output is reduced significantly, to almost zero. Also at off-design 451 
condition, the turbine outlet pressure increases. If this high pressure is fed back to the compressor inlet, 452 
coupled with the changes in compressor inlet temperature, the compressor outlet pressure will again 453 
increase. This could lead to a form of positive feedback, thus making the system unstable. As seen in 454 
Figure 9c, the compressor outlet pressure of about 400 bar is not permissible. Hence, control system 455 
has to be implemented for stable and safe operation of the plant. 456 
 457 
 458 
 (a) Step change in exhaust gas temperature and open loop transient responses of turbine inlet 
temperature and MC inlet temperature 
 
 
(b) Open loop responses of turbomachinery power and the net power output 
 
(c) Open loop responses of turbine inlet pressure and MC outlet pressure 
Figure 9: Results of system open loop responses under step change in exhaust gas temperature 459 
5.3 Dynamic simulation under fluctuating mass flow rate of waste heat 460 
source   461 
In this section, the system dynamic response to change in exhaust gas mass flow rate between 100 kg/s 462 
and 50 kg/s is simulated to study the transient behaviour and control strategy for the plant under 463 
fluctuating mass flow rate of waste heat. The dynamic response of the plant with implementation of 464 
cooling water control and throttle valve regulation is shown in Figure 10. The cooling water controller 465 
acts to maintain the MC inlet temperature at 32 0C while the throttle valve is regulated to keep the MC 466 
inlet pressure at 79 bar. Figure 10b shows that by adjusting the water flow rate, the MC inlet temperature 467 
is kept within 0.4 0C of the steady state value. Consequently, the power consumed by the compressor 468 
remain almost constant during the transient (Figure 10d). However, reduction in the exhaust gas mass 469 
flow rate while the CO2 flow rate remain constant means that the turbine inlet temperature and power 470 
delivered by the turbine will drop from the design point value (Figure 10c and Figure 10d). 471 
Bypass valve controller is added to investigate the effect of maintaining a fixed turbine inlet on the 472 
transient performance of the plant. The bypass valve controller is engaged to maintain the turbine inlet 473 
temperature at 360 0C. Results of dynamic simulation is shown in Figure 11. As the bypass valve is 474 
opened, the amount of CO2 flowing through the HRHX and turbine is reduced in order to maintain the 475 
turbine inlet temperature at the set point (Figure 11a). The reduced mass flow rate of CO2 leads to 476 
reduced heat recovery in the HRHX and large reduction in power delivered by the turbine. Hence, huge 477 
drop in net power output compared to the previous case of no bypass valve control. It is found that with 478 
bypass valve control, the possible range of variation of exhaust gas mass flow rate is restricted to 479 
between 100% and 70% of the design value (Figure 11a) because exhaust gas mass flow rate below 480 
70% of design value results in zero net power output (Figure 11d). It can be concluded that maintaining 481 
a constant turbine inlet temperature at the expense of mass flow rate is not beneficial for the WHR 482 
system.  The temperature of the exhaust gas exiting the HRHX is seen to increase during the transient 483 
such that less waste heat is recovered (Figure 11c). 484 
 485 
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 495 
  
(a) Simulated fluctuating mass flow rate of 
waste heat source 
(b) Dynamic response of cooling water flow 
rate and MC inlet temperature 
 
 
(c) Dynamic response of turbine inlet 
temperature and exhaust gas exit temperature 
from HRHX 
(d) Dynamic response of turbomachinery 
power and net power output 
Figure 10: Results of dynamic simulation under fluctuating mass flow rate of waste heat source with 496 
cooling water controller and throttle valve regulation to maintain a fixed main compressor inlet 497 
condition 498 
 499 
 500 
 501 
 502 
 503 
  
(a) Simulated fluctuating mass flow rate of 
waste heat source 
(b) CO2 mass flow rate through the bypass valve 
and through the HRHX-turbine 
  
(c) Dynamic response of turbine inlet 
temperature and exhaust gas exit 
temperature 
(d) Dynamic response of the turbomachinery 
power and net power output 
Figure 11: Results of dynamic simulation under fluctuating mass flow rate of waste heat source with 504 
bypass valve control to maintain fixed turbine inlet temperature 505 
5.4 Dynamic simulation under fluctuating temperature of waste heat 506 
source  507 
Exhaust gas temperature variation between 380 0C and 300 0C is simulated to study the dynamic 508 
response of the WHR system during fluctuation of waste heat temperature. Similar to section 5.3, 509 
cooling water controller is used to maintain MC inlet temperature at 32 0C while throttle valve regulator 510 
keeps the MC inlet pressure at 79 bar. Some results of the system dynamic simulation are presented in 511 
Figure 12. The change in turbine inlet temperature is seen to follow the change in exhaust gas 512 
temperature (Figure 12a). The cooling water controller is able to keep the MC inlet temperature to 513 
within 0.06 0C of the set point value (Figure 12b). Reduced turbine inlet temperature results in reduce 514 
turbine power and consequent reduction in net power output as shown in Figure 12c. However, 515 
significant improvement in off-design net power output is noticed compared to the open loop case. The 516 
loss in net power output is only about 2.8 MW compared to about 4.8 MW under open loop simulation. 517 
 518 
 (a) Simulated fluctuating temperature of waste heat source and dynamic responses of turbine 
inlet and  exhaust gas exit temperature 
 
(b) Dynamic responses of cooling water mass flow rate and MC inlet temperature 
 
(c) Dynamic responses of turbomachinery power and net power output 
Figure 12: Results of dynamic simulation under fluctuating temperature of waste heat source with 519 
cooling water controller and throttle valve regulation to maintain a fixed main compressor inlet 520 
condition 521 
6 Conclusions 522 
In this paper, dynamic modelling and design of PID based control systems for single recuperator 523 
recompression sCO2 closed Brayton cycle for industrial WHR application were reported.  To obtain 524 
design point values and parameters for the dynamic model, steady state simulation and preliminary 525 
sizing of the heat exchangers were carried out for the case of exhaust gas from cement industry at a 526 
flow rate of 100 kg/s and temperature of 380 0C. The dynamic model was developed in Matlab/Simulink 527 
environment to predict system transient and to test control strategies for changes in exhaust gas mass 528 
flow rate and temperature operation. Based on this, the dynamic performance of the system under 529 
fluctuating waste heat source mass flow rate and temperature was analysed. The main conclusions of 530 
this work can be summarised as follows: 531 
x The steady state thermodynamic analysis at design point conditions of the proposed single-532 
recuperator recompression sCO2 cycle predicted a thermal efficiency of about 33%.  533 
x Preliminary design of the heat exchanges confirmed the efficient matching of the temperature 534 
profile of the CO2 working fluid and the exhaust gas in the gas heater 535 
x Open loop step response test highlights the need to maintain fixed working fluid pressure and 536 
temperature at precooler outlet/MC inlet.  537 
x Cooling water control was used to keep MC inlet temperature at design value during transient. 538 
Throttle valve regulation was used to maintain a constant compressor inlet pressure. These 539 
control strategies were able to achieve stable operation of the system.   540 
x Results of dynamic simulation and control system implementation indicates that it is better to 541 
allow the turbine inlet temperature to vary according to the waste heat source condition (i.e. 542 
maintain a constant flow rate of CO2). Therefore, between the choice of constant turbine inlet 543 
temperature and constant turbine mass flow rate, constant mass flow rate is more beneficial 544 
because more waste heat can be recovered during transient variation of flue gas condition. 545 
In view of these findings, the single recuperator recompression sCO2 cycle investigated in this work 546 
could be a promising power conversion system for WHR from industrial processes. In addition, this 547 
study shows that dynamic modelling and simulation of the system could contribute to the understanding 548 
of the dynamic characteristics and  control strategies for operation of the plant under fluctuating waste 549 
heat source condition.  550 
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